We present a global picture of the natural history of nodenegative breast cancer in which two of three important biological processes have outstanding prognostic consequences. We propose that the transition from slow to fast proliferation of the tumor leads to the most dramatic aggravation of prognosis. Second, immune cell infiltration is of major importance to prevent disease progression in fastproliferating breast carcinomas, regardless of estrogen receptor status. In the absence of endocrine treatment, steroid hormone receptor expression as a third axis is of limited prognostic importance. Dissecting tumors according to these three major biological axes will allow further understanding of biological processes relevant for tumor progression in patients with node-negative breast cancer. [Cancer Res 2009;69(7):2695-8] 
Background
The hunt for ''magic'' prognostic signatures. In past decades, the search for markers and methods predicting prognosis in patients with node-negative breast cancer repeatedly pointed to two biological motifs, i.e., steroid hormone receptor expression (1) and proliferation (2) . Surprisingly, despite overwhelming data analyzing all aspects of these two biological motifs, a widely accepted clear and coherent picture of how they actually relate to each other did not emerge until the advent of microarray technology (3) . Simultaneous measurement of multiple proliferation, as well as estrogen receptor (ER)-related transcripts, rediscovered three important points: first, a subgroup of ER-positive tumors might have a similarly poor prognosis to ER-negative tumors; second, the major driving force of a poor outcome is high proliferative activity; and third, although ERpositive tumors vary in proliferative activity, almost all ER-negative tumors are characterized by high proliferation (3) (4) (5) . Although these interrelations are not novel insights, they have not always been accounted for when new technologies have been used extensively in search for the putative ''magic'' RNA, protein, or DNA marker or signature. Again, it seemed difficult to ''see the wood for the trees.'' Several different gene expression signatures, containing different genes derived from different methodologies, mainly captured the same biological motifs and, consequently, perform similarly in outcome prediction (6) . When several published classifiers were tested in molecular subgroups of breast cancer, all had a similar performance in patients with ER+/HER2À tumors but no single classifier had any prognostic power in ERÀ/HER2À or HER2+ patients (7) . Therefore, the main question still is: what are the major biological factors influencing patient outcome and how do they relate to each other?
Key Findings
Three coordinates in the universe of node-negative breast cancer. In order to develop an understanding of the interrelations of this disease, we performed gene expression profiling in tumors derived from women with node-negative breast cancer who did not receive systemic treatment (Mainz cohort; ref. 8) . Following a so-called unsupervised analysis strategy, we investigated tumors in three dimensions after principal component analysis on their respective gene expression profiles. Specifically, we visualized the relative gene expression, as well as clinical variables, e.g., time to metastasis, within the distribution of tumor samples. Because many genes are tightly coregulated, we considered it useful to analyze the normalized median expression of a cluster of highly coregulated genes as a metagene. A ''metagene'' roughly represents a distinct biological motif as indicated by the genes constituting the respective cluster. Interestingly, ER-coregulated transcripts, proliferation-associated transcripts, and those emanating from B cells and T cells each formed a gradient within the distribution of samples. Thereby, principal component analysis visualization facilitated to grasp the multivariate relation of these individual biological motifs. Visual superposition of time-to-metastasis as a clinically relevant end point allowed the formulation of a number of hypotheses (Supplemental Fig. S1 ). First, proliferation seemed to be the major prognostic motif in our cohort. Very few tumors from patients who developed a metastasis were observed in a region of low expression of proliferation-associated transcripts. Second, within a region of fast-proliferating tumors, high expression of immune cell-related transcripts were concomitant with an absence of metastasis. Third, the highest expression of ER-related transcripts coincided with the lowest expression of immune-related transcripts. Cox regression analysis, performed in the whole cohort, as well as in subcohorts, split according to low and high proliferation, supported our hypothesis. A clear prognostic association of T cell-and B cell-related transcripts was confined to tumors with high proliferative activity.
In two independent validation cohorts (Rotterdam and TRANS-BIG; refs. 5, 9, 10), the orientation of the proliferation, ER, and immune system gene expression gradients were similar to that observed in the Mainz cohort (Supplemental Fig. S1 ). Furthermore, the B-cell and T-cell metagenes had prognostic relevance within Relevance of the immune system depends on proliferation but not ER expression. A prognostic relevance of immune cell infiltration in breast tumors had been previously observed by histopathologic analysis. In a pioneering work, Aaltomaa and coworkers recognized the particular prognostic role of lymphoid cells in fast-proliferating breast tumors (11) 
proliferative activity. When we examined ESR1+/ ERBB2-tumors displaying high proliferative activity, the B-cell metagene was also associated with good prognosis (8) . This observation suggests that the well-known adverse prognostic effect of proliferation is attenuated by the immune system, regardless of ER expression. In summary, the three ''coordinates in breast cancer'', proliferation, ER, and immune system, facilitate orientation and help to correctly interpret breast cancer biology ( Fig. 1 ; Table 1 ). Importantly, in fast-proliferating tumors, B-cell transcripts were consistently identified as independently associated with nodenegative patient prognosis in the absence of systemic therapy.
Implications
For a long time now, ER expression has confounded our understanding of the relevance of proliferation as a major prognostic motif in node-negative breast cancer. Although the interrelation of the ER and proliferation axis is getting clearer, a more recently rediscovered prognostic motif, i.e., lymphoid infiltration, has not conclusively been put into the context of the other two motifs. Whereas some researchers suggest that the effect on the immune system might depend on ER status (13), we like to add, with caution, that this relation might be the result of Figure 1 . Relation of dominant prognostic motifs in node-negative breast cancer abstracted from principal component analysis of whole genome gene expression data of 788 patients with node-negative breast cancer (Supplemental Fig. S1 ). High (purple ) and low (blue ) expression of genes belonging to their respective axes. Several regions of interest are numbered. Rectangle, an area of particular adverse prognosis. Typical characteristics of tumors in selected regions are summarized in Table 1. confounding factors. Instead, from a biological point of view, we propose that the association of lymphoid infiltration with a good outcome is preserved in fast-proliferating ER-positive tumors. Therefore, the prognostic relevance of lymphocytes is obviously not restricted to ER-negative tumors. It is plausible that the immune system represents an opponent of tumor evolution fueled by the module of proliferation-associated genes. Only fast-proliferating tumors that are not recognized and eliminated by immune cells can progress, form metastases, and finally kill the patient. Therefore, the immune system is one of the major players responsible for the selection aspect in tumor evolution.
The ''Janus-faced'' immune system. Much is known about the role of T cells eliciting cellular antitumor responses (15) . On the contrary, clinical data and experimental animal studies seem to indicate that humoral immune responses initiate protumor effects on developing neoplasms (16, 17) . Is the immune system ''Janusfaced'' in that it promotes metastasis as well and, if so, how? A possible explanation for our contrasting finding that a B-cell response is correlated with good patient outcome might be oligoclonal B-cell responses exerting antitumor effects. Several reports have described oligoclonal expansion of B cells in breast cancer, both in medullary breast cancer and invasive-ductal breast cancer (18, 19) . In fact, antigen presentation by B cells might be crucial for T-cell expansion and differentiation (20) . Furthermore, early breast cancer patients with a natural humoral response to polymorphic epithelial mucin (MUC1) were found to have a better disease-specific survival. The authors speculated that antibodies might control tumor dissemination and outgrowth by aiding the destruction of circulating or seeded tumor cells (21) . Thus, the notion that a sustained humoral response has the ability to elicit significant protumor effects (16) should be viewed with caution in node-negative breast cancer. B-cell depletion, as suggested by others (22) , might prove counterproductive considering the beneficial role of B cells in this population.
Open issues for future research. Further unanswered questions remain: what is the actual chemotherapy benefit for nodenegative breast cancer patients with versus without lymphoid infiltrates? Retrospective comparative analysis of formalin-fixed paraffin-embedded tumor tissue of untreated versus treated patient cohorts needs to be done in order to resolve this question. In the absence of reliable markers of drug effectiveness, risk information might help to adjust the aggressiveness of chemotherapy. If it is the immune system that controls tumor progression, at which stage does it begin to exert its protective effect, and at which stage of tumor progression do which components of the immune system become crucial? When B cells act primarily as antigen-presenting cells (20) , identification of the respective antibody epitopes could provide insight into which tumor antigens are actually processed and ultimately presented in order to stimulate T-cell responses. For this purpose, SEREX (serologic identification of antigens by recombinant expression cloning) technology (23) or protein microarrays (24) can be used to identify potential tumor antigens. Considering that just three biological motifs can create a lot of confusion, and the fact that treatment will add an additional layer of complexity, we might conclude that the hunt for a deeper understanding of more complex interrelations has just begun! 
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